ABSTRACT. Jatropha curcas, internationally and locally known, respectively, as physic nut and pinhão manso, is a highly promising species for biodiesel production in Brazil and other countries in the tropics. It is rustic, grows in warm regions and is easily cultivated. These characteristics and high-quality oil yields from the seeds have made this plant a priority for biodiesel programs in Brazil. Consequently, this species merits genetic investigations aimed at improving yields. Some studies have detected genetic variability in accessions in Africa and Asia. We have made the first genetic evaluation of J. curcas collected from Brazil. Our objective was to quantify genetic diversity and to estimate genetic parameters for growth and production traits and seed oil content. We evaluated 75 J. curcas progenies collected from Brazil and three from Cambodia. The mean oil content in the seeds was 31%, ranging from 16 to 45%. No genetic correlation between growth traits and seed oil content was found. However, high coefficients of genetic variation were found for plant height, number of branches, height of branches, Genetic evaluation in Jatropha curcas and stem diameter. The highest individual narrow-sense heritabilities were found for leaf length (0.35) and width (0.34), stem diameter (0.24) and height of branches (0.21). We used a clustering algorithm to genetically identify the closest and most distant progenies, to assist in the development of new cultivars. Geographical diversity did not necessarily represent the genetic diversity among the accessions collected. These results are important for the continuity of breeding programs, aimed at obtaining cultivars with high grain yield and high oil content in seeds.
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INTRODUCTION
The worldwide demand for clean, renewable and sustainable fuels to replace or supplement fossil fuels has made biofuels a great alternative. Currently, there are different types of biofuels, especially ethanol and biodiesel. Biodiesel, in particular, can be obtained from any vegetable oil or animal fat, and its production has strong social, economic and environmental advantages. According to the Brazilian Petroleum, Gas and Biofuels Agency (ANP, http://www.anp.gov.br), Brazil's National Production and Use of Biodiesel Program (PNPB), since January 2010, produces and markets the B5, represented by the mixture of 5% biodiesel with 95% oil. Brazil is among the biggest producers and consumers of biodiesel in the world with an annual production of 1.6 billion liters and an established capacity of 3.7 billion liters in 2009. In 2008, the use of biodiesel in Brazil lessened imports by 1.1 billion liters of oil, resulting in a savings of US$976 million of foreign exchange (ANP). The main raw materials used to produce biodiesel in Brazil are soybeans, cotton and beef fat, with a contribution of about 75.0, 17.8 and 5.1%, respectively, and other fatty materials account for 2.1% of production. There is a need, therefore, to diversify the production of raw material for biodiesel through the introduction of promising species, such as Jatropha curcas L.
The genus Jatropha has 170 known species (Heller, 1996) , including J. curcas L., known as physic nut, a species with high potential for biodiesel production. J. curcas is a fast growing euphorbia shrub, reaching 6 to 12 m in height, with a trunk diameter greater than 20 cm (Dias et al., 2007; Jongschaap et al., 2007) . Adapted to infertile soils and unfavorable climate for the majority of traditional food crops, J. curcas can be considered the most promising oilseed for biodiesel production in the Southeast, Midwest and Northeast of Brazil. Among the advantages of J. curcas cultivation, the long production cycle stands out and may extend to 40 years, and J. curcas has potential productivity of 2 t/ha of oil. Being perennial, it also contributes to the conservation of the soil and reduces the cost of production, an important factor for the economic feasibility of its cultivation by smallholders. Another advantage is its high-quality oil for biodiesel in high content in its seeds (38% on average), and its suitability for intercropping with other crops (Dias et al., 2007) .
The increased interest in J. curcas for the production of biodiesel has created a demand for the development of improved cultivars. However, caution is still needed by researchers and especially by producers and farmers, with respect to the success of this crop for the production of biodiesel. The breeding programs with Jatropha are rare, if compared to programs for other oil species such as soybean, cotton, peanut, sunflower, and castor.
The initial phase of a breeding program usually occurs with the set up of an adequate genbank. The success of a program also depends largely on the knowledge of the genetic variability available and of estimates of genetic parameters of the main traits. The low genetic variability detected in accessions of J. curcas in Africa and Asia (Basha and Sujatha, 2007; Sun et al., 2008) shows the necessity of introducing new sources of genetic variation, from Latin America in particular, to be used in breeding programs. The existence of genetic variability is important in a breeding program, because from it, one can select different genotypes to produce hybrids and similar genotypes to produce lines. Evaluations of genetic variability of J. curcas worldwide are scarce. Thus, this study aimed to quantify the genetic variability and to estimate genetic parameters for growth traits in J. curcas L. of Brazil. Furthermore, we evaluated the genetic correlation between the growth traits and oil content of seeds.
MATERIAL AND METHODS

Plant material and assessments
In this study, we evaluated 75 progenies of J. curcas collected in different regions of Brazil and three progenies from Cambodia (Table 1 ). The progenies test was set up in a randomized complete block design with four replications and squared plots with four plants, in the experimental field of Araponga County (lat 20° 39' S, long 42° 32' W, and alt 823 m asl). Table 1 . Characterization of Jatropha curcas progenies studied.
In the eighth month after planting of the test, the following traits were evaluated: plant height (PH), height (HB) and number of branches (NB), crown diameter (CD), stem diameter (SD), length (LL) and width of leaves (WL), and size of the petiole (SP). PH (cm) was measured from the base to the apex of the main stem, CD (cm) was measured between both ends of the plant, HB (cm) was measured from the base to the height of the first branch, NB was evaluated by counting the branches coming out from the trunk, SD (mm) was measured with a digital caliper from the stem, LL (cm) was measured from the petiole to the tip of the leaf, WL (cm) was measured between the two ends of the leaf, and SP was measured from the insertion of the stem to the insertion of the leaf. From each progeny, the leaf selected for the evaluations was the youngest and fully expanded.
In addition to the traits described above, oil content (OIL) in seeds, the weight of 100 seeds (SW100), length (LS) and width of the seeds (WS) were also evaluated in the mother plants that gave rise to the progenies. OIL was determined by nuclear magmother plants that gave rise to the progenies. OIL was determined by nuclear magplants that gave rise to the progenies. OIL was determined by nuclear magthe progenies. OIL was determined by nuclear magprogenies. OIL was determined by nuclear mag-OIL was determined by nuclear magwas determined by nuclear magnuclear maguclear magmag-agnetic resonance (Oxford Instruments), SW100 (g) was determined by weighing a random sample of 100 seeds of each mother plant, and LS and WS were measured with a digital caliper (mm).
Statistical analysis and estimates of genetic parameters
Descriptive statistical analysis and estimates of genetic parameters were on the basis of mixed model methodology (Bernardo, 2002; Resende, 2007) . The analyses were processed using the Selegen-REML/BLUP software (Resende, 2007) , considering a model for open-pollinated progenies, in a randomized complete block design, with several plants per plot. The analysis of genetic correlations between traits was performed with the SAS software (SAS Institute Inc., 1989) . For this, we used additive values of each trait obtained from the analyses of mixed models. The genetic diversity among progenies was measured by the Euclidean squared distance (Resende, 2007) . Software Genes (Cruz, 2006) was used for UPGMA cluster analysis and the Mantel test to test its consistency.
RESULTS
Descriptive analysis
The average OIL in the J. curcas L. seeds was 31% (Table 2) , with a minimum of 16% and a maximum of 45%, demonstrating a wide variability for this trait. The SW100 varied from 44.6 to 86.7 g, with a mean of 63.2 g. Descriptive statistics for the other traits are shown in Table 2 .
Parameter statistics PH (cm) NB HB (cm) CD (cm) SD (mm) LL (cm) WL (cm) SP (cm) OIL (%) SW100 (g) LS (mm) WS (mm) PH = plant height; NB = number of branches; HB = height of branches; CD = crown diameter; SD = stem diameter; LL = length of leaves; WL = width of leaves; SP = size of the petiole; OIL = oil content; SW100 = weight of 100 seeds; LS = length of the seeds; WS = width of the seeds. 
Estimates of genetic parameters
Traits PH, HB, NB, and CD showed considerable genetic variability (Table 3) , especially HB (CVgi = 17.9%), PH (CVgi = 16.3%) and NB (CVgi = 16.0%). Traits CD, SP, WL, and LL showed genotypic coefficients of variation of less magnitude, 7.4, 7.7, 7.8, and 7.8%, respectively. The largest individual narrow-sense heritabilities were found for LL (0.35), WL (0.34), SD (0.24), and HB (0.21), with accuracy corresponding to 64.2, 63.4, 56.8, and 64.3%, respectively. Low coefficients of individual narrow-sense heritability were found for CD, SP and NB (Table 3 = individual narrow-sense heritability, adjusted for the effects of the plot; = average progeny heritability; = additive heritability in plot; c 2 = coefficient of determination of the effects of the plot; CVgi = coefficient of individual genetic variability; CVgp = coefficient of genotypic variation among progenies; CVe = coefficient of residual variation. For other abbreviations, see legend to Table 2 . Table 3 . Estimates of genetic parameters in Jatropha curcas progenies.
Genotypic correlation
Genotypic correlations were determined between growth traits and seed traits of mother plants (Table 4 ). In particular, significant and positive genetic correlations were observed between LL and WL (0.91), PH and SD (0.81) and SW100 and LS (0.74). With regard to the OIL in seeds, the highest genetic correlations were observed with SD (0.20), PH (0.17) and SP (0.15). In fact, none of the growth traits showed significant genetic correlation with OIL in seeds (Table 4) . With regard to the SW100, significant and positive correlations were found with LS (0.74), WS (0.61), PH (0.48) and WL (0.44).
Genetic diversity
The dendrogram generated using the UPGMA algorithm (considering a cutoff of 30%), allowed the separation of progenies into eight clusters (Figure 1 ). Cluster II contained 48 progenies, followed by cluster I (15 progenies), III (7 progenies), IV (4 progenies), and clusters V, VI, VII, and VIII with one progeny each. 
DISCUSSION
This is the first study of genetic evaluation in J. curcas L. collected from different regions of Brazil. The results are important for breeding programs of the species. In Brazil, studies with J. curcas are just beginning, having been started intensively in the last two years. However, there are still no improved cultivars of Jatropha registered in the Ministry of Agriculture (MAPA) to meet the demand for planting on a commercial scale. Studies such as the present one, involving estimates of genetic parameters and variability in progenies in Brazil, can be useful in developing better cultivars of this important oilseed for biodiesel production.
The progenies of J. curcas were collected from different regions of Brazil and Cambodia. From the analysis of the seeds of mother plants, the average oil content was 31% (Table 2 ). There was high variability in the oil content of seeds, ranging from 16% from the progeny collected in the region of Jordânia up to 45% from the progeny of Poté, both cities in the State of Minas Gerais. For the other seed traits, as reported by Ginwal et al. (2005) and Kaushik et al. (2007) , such as the 100-seed weight, length and width, high variations were also observed ( Table 2) . These results provide sufficient variability for the breeding program aimed at increasing productivity and oil content in Jatropha seeds. Kaushik et al. (2007) evaluated 24 accessions of J. curcas from India and found an average oil content in seeds of 33%, with a range of 28 to 38.8%. Rao et al. (2008) evaluated 29 progenies of J. curcas L., also from India, and observed a range in oil content from 29.85 to 37.05%, with a mean of 33.7%. Higher values of oil content in seeds were obtained by Basha et al. (2009) , who evaluated 72 accessions of J. curcas L. from 13 different countries, which showed a range of 45.4 to 64.5%. However, the oil content described by Basha et al. (2009) was measured in relation to endosperm and not in relation to the mass of the entire seed. The oil content and seed yield of J. curcas vary considerably and can be attributed to several factors, such as genotype, rainfall and soil fertility (Mishra, 2009) . The progenies evaluated in our study showed greater variability for oil content when compared with accessions in India, Mexico and Africa.
For J. curcas, there are still few studies of genetic parameter estimates, mainly due to the low degree of improvement of this species (Kaushik et al., 2007) . Studies using molecular markers in accessions from India and China (Sun et al., 2008) indicate low genetic variability. In our study, a high degree of genetic variation was found for traits HB, PH, NB, and CD. Considerable heritability coefficients were also found for traits LL, WL, SD, and HB, indicating that potential selection gains can be obtained from these progenies. At two years, Rao et al. (2008) found a high heritability for plant height (0.87). The same authors found high broad-sense heritability for oil content (99%), weight of 100 seeds (93%) and seed width (77%). In populations of India, Kaushik et al. (2007) found high heritability estimates for seed weight (0.96) and oil content (0.99).
Knowledge of the magnitude and direction of the genetic correlation is important in the choice of breeding methods and the formulation of strategies for simultaneous selection on multiple traits. Genotypic correlations indicate genetic association between characteristics. For seed traits in J. curcas, positive and highly significant correlations were observed between LL and WL, PH and SD and SW100 and LS (Table 4) . Unlike what was reported by Ginwal et al. (2004) and Kaushik et al. (2007) , no genetic association was detected with the oil content in seeds. The lack of correlation between LS and oil content was also found by Rao et al. (2008) .
The analysis of genetic distance and clustering are powerful tools to assess the relative contribution of different characteristics for total diversity, to quantify the degree of divergence between populations or accessions and to select divergent or genetically similar parents (Kaushik et al., 2007) . In our study, the clustering pattern revealed that accessions from different geographical regions clustered together (Figure 1) . These results are consistent with those obtained by Kaushik et al. (2007) , and indicate that geographical diversity does not necessarily represent the genetic diversity among the accessions collected.
In breeding programs for hybrids, a cross of different genotypes is recommended. In this case, a good option is the crossing between progenies of cluster II with progenies from the other clusters (Figure 1) . Dahmer et al. (2009) found chromosome stability in five J. curcas populations. This led the authors to conclude that the species is diploid (2n = 2x = 22), and that the chromosomal stability is an advantage due to regular meiosis, to perform manual crosses between different accessions of the species. On the other hand, if the program's goal is to improve the recovery of some important parental characteristic, it is recommended to backcross between more similar accessions and among those accessions of the same cluss and among those accessions of the same clusand among those accessions of the same clusof the same clusthe same cluscluster. With hybrids with high heterosis, the multiplication process by cloning can help in the development of J. curcas clones, since vegetative propagation methods are easily applied to this species (Divakara et al., 2009) .
The three accessions from Cambodia evaluated in our study were grouped together with those of Brazil (Figure 1 ). This result may reflect the process of J. curcas L. dispersion. Evidence indicates that the center of origin of Jatropha is Central America, specifically Mexico. From Mexico, accessions were introduced to other Latin American countries (including Brazil) and later Africa and Asia.
The evidence from the results is promising regarding the existence of genetic diversity among the J. curcas accessions studied. These results are important for the continuity of breeding, especially in order to obtain cultivars with high yield and oil content in seeds. Further evaluations involving the same characteristics and others related to the reproductive cycle (male, female and hermaphrodite inflorescences) and production (number of fruits per bunch, number of seeds per fruit, and yield) can further expand the knowledge of J. curcas and promote the progress of the improvement of the species. 
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